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Abstract
We report on calorimetry under applied hydrostatic pressure and magnetic field at the antifer-
romagnetic (AFM)-ferromagnetic (FM) transition of Fe49Rh51. Results demonstrate the existence
of a giant barocaloric effect in this alloy, a new functional property that adds to the magne-
tocaloric and elastocaloric effects previously reported for this alloy. All caloric effects originate
from the AFM/FM transition which encompasses changes in volume, magnetization and entropy.
The strong sensitivity of the transition temperatures to both hydrostatic pressure and magnetic
field confers to this alloy outstanding values for the barocaloric and magnetocaloric strengths
(|∆S|/∆p ∼ 12 J kg−1 K −1 kbar−1 and |∆S|/µ0∆H ∼ 12 J kg
−1 K−1 T−1). Both barocaloric
and magnetocaloric effects have been found to be reproducible upon pressure and magnetic field
cycling. Such a good reproducibility and the large caloric strengths make Fe-Rh alloys particularly
appealing for solid-state cooling technologies at weak external stimuli.
PACS numbers: 75.30 Sg,64.70kd
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I. INTRODUCTION
Close to the stoichiometric composition, Fe-Rh solidifies in the CsCl structure (Pm3m
space group) and orders ferromagnetically below a Curie temperature around 680 K. Upon
further cooling, this alloy undergoes a magnetic phase transition from a ferromagnetic (FM)
to an antiferromagnetic (AFM) state. This transition is first-order, strongly composition
dependent and does not involve breaking in the crystal symmetry. In the FM state Fe atoms
have a ∼ 3 µB moment and Rh atoms ∼ 1 µB, while in the AFM there is no appreciable
magnetic moment in Rh atoms and Fe atoms have ∼ 3 µB moment with opposite sign on
successive layers of (111) iron planes1. The first-order phase transition involves a significant
latent heat (with associated entropy change), and due to a strong magnetostructural coupling
the volume increases by ∼ 1% at the AFM to FM transition.
Although the magnetic transition in Fe-Rh was discovered in the late thirties2, the physi-
cal origin of the mechanisms giving rise to this transition is still a source of active debate3–8.
In the recent years there has been a renewed attention in the study of Fe-Rh due to its
potential technological interest. On the one hand, the AFM/FM phase transition which
occurs at temperatures close to ambient has been found to be useful in thermally assisted
magnetic recording devices9. On the other hand, the latent heat of the transition gives rise
to a large entropy change when the transition is driven by an external field, which results in
giant caloric effects suitable for solid-state refrigeration near room temperature. The present
paper is aimed at investigating Fe-Rh in relation to their caloric properties.
A caloric effect refers to the isothermal entropy change or to the adiabatic tempera-
ture change taking place in a material when subjected to an external stimulus. Presently,
there is intensive research in the study of materials with giant caloric effects near room
temperature10,11. Materials undergoing ferroic phase transitions are prone to exhibit giant
caloric effects11,12. In these materials changes of ferroic properties are induced by appli-
cation of the thermodynamically conjugated field to the ferroic property, giving rise to
magnetocaloric13–15, and electrocaloric16,17 effects for magnetic and electric fields respec-
tively, and to mechanocaloric effects for mechanical stresses. It is worth noting that mag-
netic and electric properties are described by vector quantities but stress (and strain) are
second-rank tensor properties. Hence, characterization of mechanocaloric properties involves
measurements for, at least, two independent stress-tensor components in the case of elas-
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tically isotropic materials. Experimentally, mechanocaloric effects are usually studied by
measuring the response of a ferroic material to uniaxial stress and to hydrostatic pressure,
and the associated caloric effects are respectively known as elastocaloric and barocaloric.
Materials with giant elastocaloric18,19 and barocaloric20,21 effects have also recently been
reported.
Caloric effects can be either conventional or inverse depending on whether the applied field
isothermally reduces or increases the material’s entropy. While conventional effects are com-
monly observed, inverse caloric effects have been reported in several ferroic materials21–23.
These inverse caloric effects are usually related to the existence of an interplay between
different ferroic properties of the material24.
In Fe-Rh a giant magnetocaloric effect was first reported in the early nineties25,26, prior to
the seminal work on the giant magnetocaloric effect in Gd-Si-Ge27 that boosted the research
in the field. However, Fe-Rh was considered to be of no practical use because the effect was
believed to be irreversible in an alternating magnetic field and even to disappear after a
few cycles28–30. Later studies indicated that reproducibility could be achieved for 5 T fields
provided that the sample was subjected to a proper combination of isothermal and adiabatic
processes31. With regards to mechanocaloric effects, studies of the AFM/FM transition
under uniaxial stress showed that this alloy also exhibited an elastocaloric effect32. Both
magnetocaloric and elastocaloric effects are inverse. In Fe-Rh, the symmetry-adapted strain-
tensor component describing the structural change accompanying the AFM/FM transition is
a dilatational strain (volume change), which couples to hydrostatic pressure. It is therefore
expected that the transition will be more sensitive to hydrostatic pressure than to uniaxial
stress, and there are indeed evidences of a strong dependence of the transition temperatures
to hydrostatic pressure33,34. These facts point to the existence of a large barocaloric effect at
the AFM/FM pressure-induced transition. Moreover, since pressure increases the stability
of the low-volume (AFM) phase in such a way that the AFM/FM transition temperature
shifts to higher values with increasing pressure, it can be anticipated that the associated
barocaloric effect will be conventional.
In this paper we report on calorimetric measurements under hydrostatic pressure which
demonstrate that Fe-Rh alloys do show a giant conventional barocaloric effect. These ex-
periments have been complemented with calorimetry under applied magnetic field on the
same sample, which have enabled us to compare the magnitude and reproducibility of the
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barocaloric effect to those of the inverse magnetocaloric effect in this compound. The paper
is organised as follows: Section II is devoted to the experimental details, and results are
presented in Section III. In Section IV we briefly discuss the obtained data and the main
conclusions of the work are compiled in Section V.
II. EXPERIMENTAL DETAILS
A polycrystalline sample of nominal composition Fe49Rh51 was prepared by arc melting
the pure metals under argon atmosphere in a water-cooled Cu crucible. For homogeneity,
the sample was remelted several times turning the ingot back to back. Next, the ingot was
vacuum sealed in a quartz tube and annealed at 1100 oC for 72 h followed by a furnace
cooling to room temperature. From the ingot a 3.3 mm × 3.0 mm × 5.6 mm parallelepiped
sample (504.36 mg mass) was cut for calorimetric measurements under pressure. A 1 mm
diameter and ∼ 2 mm length hole was drilled to that sample to host the thermocouple. A
second thinner sample (190.1 mg mass) with 1.1 mm thickness and a flat surface of 5.5 mm
× 6.4 mm was cut for calorimetric measurements under applied magnetic field.
Calorimetric measurements under hydrostatic pressure were carried out by means of a
custom-built calorimeter described in20. The thermal signal was measured by a chromel-
alumel thermocouple embedded into the sample. Calorimetric runs are performed by scan-
ning temperature at typical rates 2 K min−1 (heating) and 1 K min−1 (cooling) while hydro-
static pressure is kept constant. From the calorimetric curves at selected values of pressure,
the entropy change (referenced to a given state at T0 above the phase transition) is computed
as described in21.
Calorimetric measurements under magnetic field were carried out by means of a custom-
built high-sensitivity differential scanning calorimeter (DSC) described in35. That device
allows both isofield measurements performed by scanning the temperature (typical rates
±0.5 K min−1) and also isothermal measurements performed by scanning the magnetic field
(typical rates ±0.16 T min−1). From these measurements quasi-direct (isofield data) and
direct (isothermal data) computations of the entropy change are performed as described
in35.
Complementary magnetization measurements were carried out in a physical property
measurement system (PPMS, Quantum Design).
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III. RESULTS
Figure 1 shows calorimetric curves (sweeping temperature) at selected values of hydro-
static pressure without magnetic field (left panels) and at selected values of magnetic field
at atmospheric pressure (right panels). The magnetostructural transition gives rise to a
large exothermal peak on cooling (lower panels) and endothermal peak on heating (upper
panels). The transition is sharp (it spreads over less than 5 K) and takes place with a
thermal hysteresis width of ∼ 10 K. The transition shifts to higher temperatures with in-
creasing pressure while it shifts to lower temperatures with increasing magnetic field. This
behaviour is consistent with pressure stabilizing the lower volume AFM state and magnetic
field stabilizing the larger magnetization FM phase.
The temperature dependence of magnetization (M(T )) measured during cooling and
heating across the AFM/FM transition is shown in Fig. 2 for selected values of the magnetic
field. It is found that M(T ) remains almost temperature independent in both AFM and
FM phases and sharply changes at the AFM to FM transition on heating and at the FM to
AFM transition on cooling, with a thermal hysteresis which compares well to that derived
from calorimetric data.
In Fig. 3(a) we show the temperatures of the calorimetric peaks for (T c) forward (FM to
AFM) and (T h) reverse (AFM to FM) transitions plotted as a function of applied pressure
and magnetic field. Data exhibit a very good linear behaviour with slopes dT c/dp= 6.4 K
kbar−1; and dT c/µ0dH= -9.6 K T
−1 for the FM to AFM transition and dT h/dp = 5.4 K
kbar−1 and dT h/µ0dH= -9.7 K T
−1 for the AFM to FM transition respectively. Thermal
hysteresis is not significantly affected by the magnetic field and it marginally decreases with
increasing pressure. At much higher pressures (> 50 kbar) the pressure dependence of the
transition temperature is expected to weaken as the sample approaches the triple point33.
By numerical integration of calorimetric curves as described in21 and35 we have obtained
the entropy (∆St) and enthalpy (∆ht) changes corresponding to the AFM/FM transition.
Averaged (heating and cooling) values are shown in Figs. 3(b) and 3(c) respectively. The
values at zero field and atmospheric pressure ∆St = 12.5 ± 1 J kg
−1 K−1 and ∆ht = 3900
± 150 J kg−1 are in agreement with previously reported data36. It is worth noting that for
the studied magnetostructural transition, ∆ht is to a very good approximation the energy
difference (∆E) between AFM and FM phases.
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FIG. 1. Calorimetric curves recorded at selected values of hydrostatic pressure [(a) and (c)] and
magnetic field [(b) and (d)]. Positive values correspond to endothermal processes obtained during
heating [(a) and (b)] while negative values correspond to exothermal processes recorded during
cooling [(c) and (d)]. In the left panels, data correspond to pressures (from left to right) of p=0,
0.6, 1.1, 1.6, 2.0, and 2.5 kbar. In the right panels, data correspond to magnetic fields (from right
to left) of µ0H= 0, 0.5, 1, 2, 3, 4, 5 and 6T.
Calorimetric curves at selected values of hydrostatic pressure and magnetic field enable
us to determine the isothermal entropy changes (quasi-direct method) associated with the
barocaloric and magnetocaloric effects. Results are shown in Fig. 4. Barocaloric effect has
been found to be conventional and magnetocaloric effect is inverse. That is, while isothermal
application of pressure reduces the total entropy, magnetic field increases the total entropy
of the alloy. The conventional and inverse nature of barocaloric and magnetocaloric effects
are consistent with pressure stabilizing the low temperature AFM phase and magnetic field
stabilizing the high temperature FM phase.
The pressure-induced entropy change and magnetic field-induced entropy change increase
in magnitude as pressure and magnetic field increase respectively, until a saturation value
is reached. This behaviour gives rise to a plateau in the ∆S vs T curves. Both barocaloric
and magnetocaloric effects saturate to the same value which is coincident with the transi-
tion entropy change |∆St|. This result shows that both caloric effects have the same origin,
and the giant values for the pressure-induced and field-induced entropy changes are a con-
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FIG. 2. Temperature dependence of the magnetization for cooling and heating runs under applied
magnetic field. From right to left data correspond to 1, 3 and 5 T.
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FIG. 3. (a) Temperature of the calorimetric peak as a function of pressure (open symbols) and
magnetic field (solid symbols). Blue symbols (down triangles and circles) stand for cooling runs
while red symbols (up triangles and squares) stand for heating runs. Solid lines are linear fits to
the data. (b) Averaged values (between heating and cooling) for the transition entropy change
as a function of pressure (open symbols) and magnetic field (solid symbols).(c) Averaged values
(between heating and cooling) for the transition enthalpy change as a function of magnetic field.
The line is a linear fit to the data.
sequence of the magnetostructural transition which involves a large entropy change (∆St).
The saturation value for the barocaloric and magnetocaloric effects is reached for low values
of pressure and magnetic field, as illustrated in Fig. 5(a) which shows |∆S|max, the absolute
value of the maximum in the ∆S vs T curves depicted in Fig. 4, as a function of pressure
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and magnetic field.
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FIG. 4. (a) and (c) Pressure-induced entropy change (barocaloric effect) and (b) and (d) magnetic
field-induced entropy change (magnetocaloric effect) as a function of temperature for selected values
of hydrostatic pressure and magnetic field. Upper panels (a) and (b) correspond to cooling runs
and lower panels (c) and (d), to heating runs. Data for barocaloric effect correspond to pressures
(from left to right) of p = 0.3, 0.6, 1.1, 1.6, 1.9, 2.0, 2.4, and 2.5 kbar. Data for magnetocaloric
effect correspond to magnetic fields (from right to left) of µ0H= 0.5, 1, 2, 3, 4, 5, and 6 T.
The performances of a given material for solid-state refrigeration are typically analysed
in terms of the relative cooling power (RCP ) which provides an estimate about the amount
of heat that can be transferred in a field cycle between cold and hot reservoirs, and is defined
as RCP = |∆S|max × δTFWHM , where δTFWHM is the temperature width at half maximum
of the ∆S vs T curves (Fig. 4). These values are shown in Fig. 5(b) for the barocaloric and
magnetocaloric effects.
IV. DISCUSSION
We have shown that in addition to the already reported magnetocaloric and elastocaloric
effects, Fe-Rh alloys also exhibit a barocaloric effect associated with the volume change at the
AFM/FM phase transition which enables the transition to be driven by hydrostatic pressure.
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FIG. 5. Absolute value of the maximum entropy change (a) and relative cooling power (b) as
a function of pressure (open symbols) and magnetic field (solid symbols). Blue symbols (down
triangles and circles) stand for cooling runs and red symbols (up triangles and squares) stand for
heating runs.
The maximum pressure-induced entropy change value found for Fe49Rh51 (|∆S| = 12.5 J
kg−1 K−1) compares well with the values reported for other giant barocaloric materials20,21,37.
Interestingly, such a maximum isothermal entropy change is achieved for relatively low pres-
sures. This establishes Fe-Rh to be a material with a large barocaloric strength (|∆S|/∆p)
of ∼ 12 J K−1 kg−1 kbar−1. Indeed, the magnetocaloric strength (|∆S|/µ0∆H) ∼ 12 J K
−1
kg−1 T−1 is also one of the largest reported so far among giant magnetocaloric materials28.
These outstanding values for the caloric strengths arise from the sharpness of the transition
and the strong sensitivity of the transition temperatures to both pressure and magnetic field.
It is worth comparing the caloric response of Fe-Rh to hydrostatic pressure and uniaxial
stress. The sensitivity of the transition temperature to hydrostatic pressure (dT/dp ≃ 6×
10−8 K Pa−1) is about three times larger (in absolute value) than to uniaxial stress (dT/dσ ≃
- 2 × 10−8 K Pa−1)32 which indicates a larger barocaloric effect than the previously reported
elastocaloric one. Although there are no entropy values available for the elastocaloric effect,
the estimated uniaxial stress value to induce the full AFM/FM transition (resulting in the
saturation value for ∆S) is ∼ 300 MPa which renders a lower elastocaloric strength |∆S|/∆σ
∼ 4 × 10−8 J kg−1 K−1 Pa−1 (= 4 J kg−1 K−1 kbar−1).
As previously mentioned, the reproducibility in the magnetocaloric effect has been a con-
troversial issue28–31. Isothermal DSC with magnetic field enables direct determination of
the magnetic field-induced entropy change and it is a unique tool to study the reproducibil-
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FIG. 6. Thermograms obtained upon field scanning at selected values of temperature. From right to
left T = 264.7, 272.6, 279.3, 289.1, 298.3, 307.4 and 315.5 K. Positive signals (endothermal peaks)
are recorded upon application of magnetic field from 0 to 6T and negative signals (exothermal
peaks) are recorded upon removal of the field from 6T to 0.
ity of the magnetocaloric effect upon field cycling38,39. We have performed calorimetric
measurements at selected values of the temperature while magnetic field was swept. The
measurement protocol is described in detail in35. Fig. 6 shows the calorimetric signal as a
function of magnetic field, recorded on the first application (upper curves) and first removal
(lower curves) of a 6T field at selected values of temperature. Increasing the field drives
the sample from AFM to FM phases with the absorption of latent heat (endothermal pro-
cess) while the sample transforms from FM to AFM upon removal of the field and releases
the latent heat (exothermal process). By taking the peak value as the transition field at
each temperature we obtain a field dependence of the transition temperature that perfectly
matches data from isofield measurements shown in Fig. 3.
Integration of isothermal calorimetric curves provide a direct determination of the field-
induced entropy change (∆S). Results for 2 T and 6 T are plotted in Fig. 7(b) as solid
symbols, and are compared to the quasi-direct determination from isofield calorimetric data
(solid lines) described in the preceding section. There is good agreement between the two
sets of data. The reproducibility has been studied by isothermal calorimetric measurements
under cyclic variation of magnetic field. An illustrative example of the recorded calorimetric
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FIG. 7. Barocaloric (a) and magnetocaloric (b) effects. For convenience, data on heating have been
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curves (quasi-direct method). Orange symbols and lines correspond to 2 T magnetic field and
green symbols and lines, to 6 T. In all cases the shaded areas indicate the region of reversibility.
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FIG. 8. (a) Applied magnetic field and (b) recorded isothermal calorimetric curves as a function
of time. Data correspond to isothermal field cycles between 0 and 6 T at a temperature of 289 K.
signals upon isothermal succesive magnetic field cycles between 0 and 6 T is shown in Fig.
8. The good reproducibility exhibited by calorimetric curves demonstrates an excellent re-
versibility of the magnetocaloric effect. ∆S values are computed from numerical integration
of these curves and are constant upon successive field cycling within experimental error.
Data for all studied temperatures at 2 and 6 T are indicated as open symbols in Fig. 7(b).
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Reversibility of a given caloric effect is expected to be restricted within a certain temper-
ature range which depends on the magnitude of the applied external field. This region can
be determined from experiments carried out both on cooling and heating35 and is indicated
as a shaded area in Fig. 7. In the case of a conventional caloric effect (as the barocaloric
effect here) this region is bounded by the transition temperature of the reverse (AFM to
FM) transition at atmospheric pressure and the transition temperature of the forward (FM
to AFM) transition under applied pressure. For an applied pressure of 2.5 kbar the region
where barocaloric effect will be reproducible extends from 319 to 325 K. For an inverse
caloric effect (as the magnetocaloric here) the reversibility region is bounded by the reverse
(AFM to FM) transition temperature under applied field and the forward (FM to AFM)
transition temperature at zero field. The magnetocaloric effect is reversible within 294 and
306 K for 2 T and within 257 and 306 K for 6 T.
The isothermal entropy changes associated with the barocaloric and magnetocaloric ef-
fects saturate for pressures ∼ 1 kbar and fields ∼ 1 T to a value which coincides with the
total transition entropy change (see Fig. 5). Such a tendency towards saturation has not
been found in other giant magnetocaloric materials. For instance, in Gd-Si-Ge, the entropy
change shows a monotonous increase with increasing magnetic field40 while in some magnetic
shape memory alloys the entropy change increases up to a maximum value and decreases
upon further increasing magnetic field41. These different behaviours can be understood by
taking into consideration that the entropy change contains contributions from the latent heat
(transition entropy change) and also intrinsic contributions from both high temperature and
low temperature phases42. For the particular case of Fe-Rh the fact that magnetocaloric
and barocaloric data saturate to a value which coincides with the transition entropy change
indicates that the intrinsic magnetic and elastic contributions of the AFM and FM phases
are small. In the magnetic case, the importance of these intrinsic contributions is given by
the value (∂M/∂T )H in each phase. As shown in Fig. 2, M vs T curves are almost flat in
both AFM and FM phases, for different values of magnetic field, and the estimated intrinsic
contributions to ∆S are one order of magnitude lower than that from the magnetostructural
transition. In the FM state, such a weak temperature dependence is due to an almost sat-
urated FM order since the transition takes place well below the Curie point. In the AFM,
neither temperature nor magnetic field significantly affect the AFM order. This could be
attributed to a large magnetocrystalline anisotropy.
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For the barocaloric effect, the intrinsic contribution is given by
∆S =
∫ p
0
βvdp (1)
Where β is the thermal expansion and v, the specific volume. By using reported data for
β and v5, we estimate that for p=2.5 kbar this contribution amounts to ∼ 0.6 Jkg−1K−1 in
the AFM phase and to ∼ 0.5 Jkg−1K−1 in the FM phase. These values are small compared
to the contribution arising from the transition entropy change.
Although a dependence of the transition entropy change to pressure and magnetic field
falls within experimental errors, data show a tendency to slightly decrease with increasing
pressure and magnetic field [Fig. 3(b)]. Previous indirect measurements from magnetization
data indicated a larger decrease in the isothermal ∆S with increasing magnetic field29. By
contrast, the energy difference between AFM and FM phases shows a marked decrease as
magnetic field increases [Fig. 3(c)], with an average rate d∆E/dH ≃ - 150 Jkg−1T−1. It is
worth noting that recent adiabatic calorimetry experiments5 did not find any magnetic field
dependence of the specific heat of AFM and FM samples which would point to a magnetic
field independent transition enthalpy change. Probably the different behaviour must be
ascribed to a highest sensitivity of differential scanning calorimetry in determining enthalpy
changes, and also to the fact that specific heat data correspond to two different samples
while present experiments are carried out on a single specimen. It is acknowledged that the
features of the AFM/FM transition in Fe-Rh are extremely sensitive to composition8.
Fe-Rh exhibits a conventional barocaloric effect and an inverse magnetocaloric effect.
Similar behaviour is also present in several Ni-Mn-based magnetic shape memory alloys20,43.
In both cases the giant caloric effects are associated with a first-order phase transition which
involves a decrease in magnetization and volume when the sample transforms from the high-
temperature to the low-temperature phases. The total entropy of the alloy also decreases at
this phase transition. There are, however, significant differences in the physical origins of
the caloric effects between the two families of alloys when considering the different contribu-
tions to the entropy change which drives the magnetostructural phase transition. In Fe-Rh
there is still some controversy on whether the major contribution to the entropy change
arises from conduction electrons or from magnetic moments. While x-ray photoemission4
and Hall-effect7 measurements indicate significant changes in the electron density of states
at the AFM/FM transition, recent specific heat measurements5 suggest that the electronic
contribution is small and the entropy difference at the transition is dominated by magnetic
fluctuations. In any case, both electronic and magnetic contributions are lower in the AFM
than in the FM phase, thus stabilizing the low-temperature phase. By contrast, the entropy
associated with the lattice is larger in the AFM phase than in the FM one, due to the
fact that AFM phase is elastically softer than the FM one, as results from the lower values
for both longitudinal and transverse Debye temperatures of the AFM phase. Therefore in
Fe-Rh the magnetostructural transition is driven by an excess in electronic and magnetic
entropy while the lattice entropy opposes to the transition. By contrast, in magnetic shape
memory alloys the low-temperature phase is a short range antiferromagnetic phase44, with
a magnetic entropy larger than that of the high temperature FM phase, but the entropy
arising from lattice vibrations is lower in the close-packed phase than in the FM cubic
phase45. Such an excess of vibrational entropy arises from a low-energy TA2 transverse
phonon branch in the open cubic phase and is responsible for driving the magnetostruc-
tural (martensitic) transition46. The electron contribution is only playing a minor role in
martensitic transitions47. Therefore, while the transition in Fe-Rh is magnetically driven,
with magnetization being the primary ferroic property, in magnetic shape memory alloys
the martensitic transition is vibrationally driven, with a shear strain as a primary ferroic
property.
V. SUMMARY AND CONCLUSIONS
By means of calorimetry under hydrostatic pressure we have shown that Fe49Rh51 ex-
hibits a giant barocaloric effect. This new functional property adds to the already reported
magnetocaloric and elastocaloric effects in this alloy. All these caloric effects share the
same physical origin which is the occurence of a first order AFM/FM phase transition
which encompasses a significant entropy change. Actually, this transition entropy change
(|∆St| = 12.5 ± 1 J kg
−1 K−1) represents the upper bound for the pressure-induced and
magnetic field-induced entropy changes.
The reproducibility of the magnetocaloric effect has been studied by a direct determina-
tion of the field-induced entropy change from isothermal calorimetric measurements. The
comparison between direct and quasi-direct methods at the magnetocaloric effect has en-
abled us to assess also the reproducibility of the barocaloric effect from the quasi-direct data.
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We have found that for a field of 2 T the magnetocaloric effect is perfectly reproducible upon
field cycling. This reproducibility is restricted within the temperature range 294-306 K and
is increased to 257-306 K for a field of 6 T. The barocaloric effect is estimated to be reversible
upon pressure cycling in the temperature range 319-325 K for applied pressures of 2.5 kbar.
Materials with cross-response to more than one external field are particularly interesting11.
In Fe-Rh application of hydrostatic pressure enhances the stability of the AFM phase and
shifts the H − T transition line to higher temperature values, and application of magnetic
field enhances the stability of the FM phase and shifts the p−T transition line to lower tem-
perature values. Interestingly, such an opposite sensitivity of the transition to pressure and
magnetic field has been proved to be useful in reducing the hysteresis of magnetostructural
phase transitions by a proper combination of pressure and magnetic field48.
The energy difference between AFM and FM phases has been found to decrease with
increasing magnetic field. Present results provide reproducible experimental data which
we expect will encourage the development of theoretical models that include the effect of
magnetic field in the computation of both energy and entropy values for the different phases
involved in the transition. The combination of reliable experimental data and theoretical
modelling should help in the understanding of the role played by the different contributions
(electronic, magnetic and structural) in driving the AFM/FM transition in Fe-Rh alloys.
The sharpness of the transition together with the strong sensitivity of the transition
to the external fields results in barocaloric and magnetocaloric strengths which compare
favourably to those reported for other giant magnetocaloric and barocaloric materials. As
a consequence of such large strengths, Fe49Rh51 achieves its maximum isothermal entropy
change at very low values of hydrostatic pressure and magnetic field. This fact, added to
the aforementioned good reproducibility makes this alloy particularly interesting in cooling
applications where the external stimuli need to be restricted to low values.
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